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Abstract
Two structures are observed close to the kinematic threshold in the Ξ0b pi
− mass
spectrum in a sample of proton-proton collision data, corresponding to an integrated
luminosity of 3.0 fb−1, recorded by the LHCb experiment. In the quark model, two
baryonic resonances with quark content bds are expected in this mass region: the
spin-parity JP = 12
+
and JP = 32
+
states, denoted Ξ ′−b and Ξ
∗−
b . Interpreting the
structures as these resonances, we measure the mass differences and the width of
the heavier state to be
m(Ξ ′−b )−m(Ξ0b )−m(pi−) = 3.653± 0.018± 0.006 MeV/c2,
m(Ξ∗−b )−m(Ξ0b )−m(pi−) = 23.96± 0.12± 0.06 MeV/c2,
Γ(Ξ∗−b ) = 1.65± 0.31± 0.10 MeV,
where the first and second uncertainties are statistical and systematic, respectively.
The width of the lighter state is consistent with zero, and we place an upper limit
of Γ(Ξ ′−b ) < 0.08 MeV at 95% confidence level. Relative production rates of these
states are also reported.
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In the constituent quark model [1, 2], baryonic states form multiplets according to the
symmetry of their flavor, spin, and spatial wavefunctions. The Ξb states form isodoublets
composed of a Ξ0b (bsu) and a Ξ
−
b (bsd) state. Three such Ξb isodoublets that are neither
orbitally nor radially excited are expected to exist, and can be categorized by the spin
j of the su or sd diquark and the spin-parity JP of the baryon: one with j = 0 and
JP = 1
2
+
, one with j = 1 and JP = 1
2
+
, and one with j = 1 and JP = 3
2
+
. This
follows the same pattern as the well-known Ξc states [3], and we therefore refer to these
three isodoublets as the Ξb, the Ξ
′
b, and the Ξ
∗
b . The spin-antisymmetric J
P = 1
2
+
state,
observed by multiple experiments [4–11], is the lightest and therefore decays through the
weak interaction. The others should decay predominantly strongly through a P -wave pion
transition (Ξ
(′,∗)
b → Ξbpi) if their masses are above the kinematic threshold for such a
decay; otherwise they should decay electromagnetically (Ξ
(′,∗)
b → Ξbγ). Observing such
electromagnetic decays at hadron colliders is challenging due to large photon multiplicities
and worse energy resolution for low energy photons compared to charged particles.
There are numerous predictions for the mass spectrum of these low-lying states [12–23].
The consensus is that the isospin-averaged value of the mass difference m(Ξ∗b )−m(Ξb) is
above threshold for strong decay but that the isospin-averaged difference m(Ξ ′b)−m(Ξb)
is near the kinematic threshold. However, it is expected that the mass difference m(Ξ ′−b )−
m(Ξ0b ) is larger than m(Ξ
′0
b )−m(Ξ−b ) due to the relatively large isospin splitting between
the charged and neutral Ξb states. For the ground state, the measured isospin splitting of
m(Ξ−b )−m(Ξ0b ) = 5.92±0.64 MeV/c2 [24] is in good agreement with the predicted value of
6.24± 0.21 MeV/c2 [13]. While the equivalent isospin splitting for the Ξ ′b and Ξ∗b states is
likely to be smaller due to differences in the hyperfine mass corrections, the mass difference
m(Ξ ′−b )−m(Ξ0b ) could well be 5–10 MeV/c2 larger than m(Ξ ′0b )−m(Ξ−b ). It is therefore
plausible that the decay Ξ ′−b → Ξ0b pi− is kinematically allowed, while Ξ ′0b → Ξ−b pi+ is not.
This is consistent with the recent CMS observation [25] of a single peak in the Ξ−b pi
+
mass spectrum, interpreted as the Ξ∗0b resonance. We note that Ξ
′0
b → Ξ0b pi0 may also be
allowed even if Ξ ′0b → Ξ−b pi+ is not.
In this Letter we present the results of a study of the Ξ0b pi
− mass spectrum using pp
collision data recorded by the LHCb experiment, corresponding to an integrated luminosity
of 3.0 fb−1. One third of the data were collected at a center-of-mass energy of 7 TeV
and the remainder at 8 TeV. We observe two highly significant structures, which are
interpreted as the Ξ ′−b and Ξ
∗−
b baryons. The properties of these new states are reported.
Charge-conjugate processes are implicitly included.
The LHCb detector [26] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system, which provides a momen-
tum measurement with precision of about 0.5% from 2−100 GeV/c and impact parameter
resolution of approximately 20µm for particles with large transverse momentum (pT).
Ring-imaging Cherenkov detectors [27] are used to distinguish charged hadrons. Photon,
electron and hadron candidates are identified using a calorimeter system, which is followed
by detectors to identify muons [28].
The trigger [29] consists of a hardware stage, based on information from the calorimeter
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and muon systems, followed by a software stage. The software trigger requires a two-,
three- or four-track secondary vertex which is significantly displaced from all primary pp
vertices (PVs) and for which the scalar pT sum of the charged particles is large. At least
one particle should have pT > 1.7 GeV/c and be inconsistent with coming from any of the
PVs. A multivariate algorithm [30] is used to identify secondary vertices consistent with
the decay of a b hadron.
In the simulation, pp collisions are generated using Pythia [31] with a specific LHCb
configuration [32]. Decays of hadrons are described by EvtGen [33], in which final-state
radiation is generated using Photos [34]. The interaction of the generated particles with
the detector, and its response, are implemented using the Geant4 toolkit [35] as described
in Ref. [36].
Signal candidates are reconstructed in the final state Ξ0b pi
−
s , where Ξ
0
b → Ξ+c pi− and
Ξ+c → pK−pi+. The first pion is denoted pi−s to distinguish it from the others. The Ξ0b
decay mode is the same as that studied in [9], and the selection used for this analysis is
heavily inspired by it and by other LHCb studies with baryons or low-momentum pions in
the final state (e.g. [37, 38]). At each stage of the decay chain, the particles are required
to meet at a common vertex with good fit quality. In the case of the Ξ0b pi
−
s candidate, this
vertex is constrained to be consistent with one of the PVs in the event. Track quality
requirements are applied, along with momentum and transverse momentum requirements,
to reduce combinatorial background. Particle identification criteria are applied to the
final-state tracks to suppress background from misidentified particles. To remove cross
feed from other charm hadrons, Ξ+c candidates are rejected if they are consistent with
D+ → K+K−pi+, D+s → K+K−pi+, D+ → pi+K−pi+, or D∗+ → D0(K+K−)pi+ decays.
To reduce background formed from tracks originating at the PV, the decay vertices of Ξ+c
and Ξ0b candidates are required to be significantly displaced from all PVs.
The Ξ+c candidates are required to have an invariant mass within 20 MeV/c
2 of the
known mass [3], corresponding to approximately ±3σΞ+c where σΞ+c is the mass resolution.
Candidate Ξ0b decays are required to satisfy 5765 < mcand(Ξ
0
b ) − mcand(Ξ+c ) + mΞ+c <
5825 MeV/c2, where mcand and mΞ+c refer to the candidate and world-average masses,
corresponding to approximately ±2σΞ0b . In addition, the following kinematic requirements
are imposed: pT(Ξ
+
c ) > 1 GeV/c, pT(Ξ
0
b ) > 2 GeV/c, pT(Ξ
0
b pi
−
s ) > 2.5 GeV/c, and pT(pi
−
s ) >
0.15 GeV/c. Defining δm ≡ mcand(Ξ0b pi−s )−mcand(Ξ0b )−mpi− , the region of consideration
is δm < 45 MeV/c2. There are on average 1.15 candidates retained in this region per event.
Such multiple candidates are due almost entirely to cases where the same Ξ0b candidate is
combined with different pi−s candidates from the same PV. All Ξ
0
b pi
−
s candidates are kept.
The mcand(Ξ
0
b ) projection of the Ξ
0
b pi
−
s candidates passing the full selection apart from
the mcand(Ξ
0
b ) requirement, but including the δm requirement, is shown in Fig. 1. Control
samples, notably wrong-sign combinations Ξ0b pi
+, are also used to study backgrounds. The
δm spectra for the signal and the wrong-sign sample are shown in Fig. 2. Two peaks are
clearly visible, a narrow one at δm ≈ 3.7 MeV/c2 and a broader one at δm ≈ 24 MeV/c2.
No structure is observed in the wrong-sign sample, nor in studies of the Ξ0b mass sidebands.
Accurate determination of the masses, widths, and signal yields of these two states
requires knowledge of the signal shapes, and in particular, the mass resolution of the
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Figure 1: Distribution of mcand(Ξ
0
b ) for Ξ
0
b pi
−
s candidates passing the full selection apart from
the mcand(Ξ
0
b ) requirement. Inset: The subset of candidates that lie in the δm signal regions of
3.0 < δm < 4.2 MeV/c2 and 21 < δm < 27 MeV/c2.
two peaks. These are obtained from large samples of simulated decays with δm values
of 3.69 MeV/c2 and 23.69 MeV/c2, corresponding to the two peaks. The natural widths,
Γ, are set to negligible values so that the width measured in simulation is due entirely
to the mass resolution. The resolution function is parameterized as the sum of three
Gaussian distributions with independent mean values. Separate sets of parameters are
determined for the two peaks. An indication of the scale of the resolution is given by the
weighted averages of the three Gaussian widths, which are 0.21 MeV/c2 and 0.54 MeV/c2
for the lower- and higher-mass peaks. In the nominal fits to data, the parameters of the
three Gaussian distributions are kept fixed to the values obtained from simulation, given
in the Supplementary Material [39]. Small corrections, obtained from simulation, are
applied to the masses to account for offsets in the resolution functions. The combinatorial
background is modeled by a threshold function of the form
f(δm) =
(
1− e−δm/C) (δm)A,
where A and C are freely varying parameters determined in the fit to the data.
The masses, widths and yields of the two peaks are determined from an unbinned
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Figure 2: Distribution of the mass difference, δm, for Ξ0b pi
−
s candidates in data. The points with
error bars show right-sign candidates in the Ξ0b mass signal region, and the hatched histogram
shows wrong-sign candidates with the same selection. The curve shows the nominal fit to the
right-sign candidates. Inset: detail of the region 2.0–5.5 MeV/c2.
maximum likelihood fit to the δm spectrum. In an initial fit, each peak is described using
a P -wave relativistic Breit-Wigner (RBW) line shape [40] with a Blatt-Weisskopf barrier
factor [41], convolved with the resolution function obtained from simulation. The fitted
width of the lower-mass peak is found to be consistent with zero and consequently its
width is set to zero in the nominal fit, shown in Fig. 2. The fitted yields in the lower-
and higher-mass peaks are 121± 12 and 237± 24 events, with statistical significances in
excess of 10σ. The nonzero value of the natural width of the higher-mass peak is also
highly significant: the change in likelihood when the width is fixed to zero corresponds to
a p-value of 4× 10−14 using Wilks’s theorem [42].
An upper limit on the natural width of the lower-mass peak is set using ensembles of
pseudoexperiments with the same parameters as in data, but with natural widths ranging
from 0.01 to 0.12 MeV. The upper limit is taken to be the value of Γ for which a width
equal to or greater than that obtained in data is observed in 95% of the pseudoexperiments.
The resulting upper limit is Γ(Ξ ′−b ) < 0.08 MeV at 95% confidence level (CL).
A number of cross checks are performed to ensure the robustness of the measured masses
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and natural widths of these states and to assess systematic uncertainties. These include
changing the assumed angular momentum (spin 0, 2) and radial parameter (1–5 GeV −1) of
the RBW and barrier factor; inflating the widths of the resolution functions by a fixed factor
of 1.1, the value found in a large D∗+ → D0pi data sample [43]; inflating the widths of the
resolution functions by a common factor floated in the fit (with 1.03±0.11 obtained); using a
symmetric resolution function; using a non-relativistic BW for the higher-mass peak; using
a different background function; varying the fit range; checking the effect of finite sample
size and of the variation of mass resolution with particle mass; keeping only one candidate
in each event; imposing additional trigger requirements; separating the data by charge and
LHCb magnet polarity; and fitting the wrong-sign sample. Where appropriate, systematic
uncertainties are assigned based on the differences between the nominal results and those
obtained in these tests. The calibration of the momentum scale [11, 44] is validated by
measuring m(D∗+)−m(D0) in a large sample of D∗+, D0 → K−K+ decays [43]. The mass
difference agrees with a recent BaBar measurement [45] within 6 keV/c2, corresponding
to 1.3σ when including the mass scale uncertainty for that decay. The uncertainties are
summarized in Table 1. Taking these into account, we obtain
δm(Ξ ′−b ) = 3.653± 0.018± 0.006 MeV/c2,
δm(Ξ∗−b ) = 23.96± 0.12± 0.06 MeV/c2,
Γ(Ξ∗−b ) = 1.65± 0.31± 0.10 MeV,
Γ(Ξ ′−b ) < 0.08 MeV at 95% CL.
Combining these with the measurement of m(Ξ0b ) = 5791.80 ± 0.50 MeV/c2 obtained
previously at LHCb [9], the masses of these states are found to be
m(Ξ ′−b ) = 5935.02± 0.02± 0.01± 0.50 MeV/c2,
m(Ξ∗−b ) = 5955.33± 0.12± 0.06± 0.50 MeV/c2,
where the uncertainties are statistical, systematic, and due to the m(Ξ0b ) measurement,
respectively.
Helicity angle [46] distributions may be used to distinguish between spin hypotheses
for resonances. We consider the decay sequence Ξ
(′,∗)−
b → Ξ0b pi−, Ξ0b → Ξ+c pi−, where the
Ξ
(′,∗)−
b has spin J and the Ξ
0
b , Ξ
+
c , and pi
− have spin-parity 1
2
+
, 1
2
+
, and 0−, respectively,
which is analogous to the scenario considered in Ref. [47]. Defining θh as the angle between
the three-momentum of the Ξ0b in the Ξ
(′,∗)−
b rest frame and the three-momentum of the
Ξ+c in the Ξ
0
b rest frame, the cos θh distribution is a polynomial of order (2J−1). For J = 12
this would yield a flat distribution, and hence a nonuniform distribution would imply J > 1
2
.
The converse does not follow, however: a higher-spin resonance that is unpolarized will
lead to a flat distribution. For each of the two peaks, the background-subtracted, efficiency-
corrected cos θh distributions are studied. Both are found to be consistent with flat
distributions. When fitted with a function of the form f(cos θh) = [a+ 3(1− a) cos2 θh] /2,
the fitted values of a are 0.89 ± 0.11 and 0.88 ± 0.11, and the quality of the fits does
not improve significantly. Thus, the available data are consistent with the quark model
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Table 1: Systematic uncertainties, in units of MeV/c2 (masses) and MeV (width). The statistical
uncertainties are also shown for comparison.
Source δm(Ξ ′b) δm(Ξ
∗
b ) Γ(Ξ
∗
b )
Simulated sample size 0.002 0.005
Multiple candidates 0.004 0.048 0.055
Resolution model 0.002 0.003 0.070
Background description 0.001 0.003 0.019
Momentum scale 0.003 0.014 0.003
RBW spin and radial parameter 0.000 0.023 0.028
Sum in quadrature 0.006 0.055 0.095
Statistical uncertainty 0.018 0.119 0.311
expectations that the lower-mass peak corresponds to a J = 1
2
state and the higher one to
a J = 3
2
state (if unpolarized or weakly polarized), but other values of J are not excluded.
We measure the production rates of the two signals relative to that of the Ξ0b state,
selected inclusively and passing the same Ξ0b selection criteria as the signal sample. To
remain within the bandwidth restrictions of the offline data reduction process, 10% of the
candidates in the normalization mode are randomly selected and retained for use in this
analysis. To ensure that the efficiencies are well understood, we use only the subset of
events in which one or more of the Ξ0b decay products is consistent with activating the
hardware trigger in the calorimeter.
For this subsample of events, the fitted yields are 93 ± 10 for the lower-mass Ξ0b pi−s
state, 166 ± 20 for the higher-mass Ξ0b pi−s state, and 162 ± 15 for the Ξ0b normalization
sample. The efficiency ratios are determined with simulated decays, applying the same
trigger, reconstruction, and selection procedures that are used for the data. Systematic
uncertainties (and, where appropriate, corrections) are assigned for those sources that do
not cancel in the efficiency ratios. These uncertainties include the modeling of the Ξb
momentum spectra, the pi−s reconstruction efficiency [48], the fit method, and the efficiency
of those selection criteria that are applied to the Ξ0b pi
−
s candidates but not to the Ξ
0
b
normalization mode. Combining the 7 TeV and 8 TeV data samples, the results obtained
are
σ(pp→ Ξ ′−b X)B(Ξ ′−b → Ξ0b pi−)
σ(pp→ Ξ0bX)
= 0.118± 0.017± 0.007,
σ(pp→ Ξ∗−b X)B(Ξ∗−b → Ξ0b pi−)
σ(pp→ Ξ0bX)
= 0.207± 0.032± 0.015,
σ(pp→ Ξ∗−b X)B(Ξ∗−b → Ξ0b pi−)
σ(pp→ Ξ ′−b X)B(Ξ ′−b → Ξ0b pi−)
= 1.74± 0.30± 0.12,
where the first and second uncertainties are statistical and systematic, respectively, σ
denotes a cross-section measured within the LHCb acceptance and extrapolated to the
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full kinematic range with Pythia, B represents a branching fraction, and X refers to the
rest of the event. Given that isospin partner modes Ξ ′0b → Ξ0b pi0 and Ξ∗0b → Ξ0b pi0 are also
expected, these results imply that a large fraction of Ξ0b baryons in the forward region are
produced in the decays of Ξb resonances.
As a further check, the Ξ0b pi
−
s mass spectrum is studied with additional Ξ
0
b decay
modes. Significant peaks are seen with the mode Ξ0b → Λ+c (pK−pi+)K−pi+pi− for both
Ξ ′−b (6.4σ) and Ξ
∗−
b (4.7σ). The peaks are also seen with reduced significance in other
Ξ0b final states: 4σ for Ξ
′−
b and 2σ for Ξ
∗−
b in Ξ
0
b → D0(K−pi+)pK−; and 3σ for Ξ ′−b
and 3σ for Ξ∗−b in Ξ
0
b → D+(K−pi+pi+)pK−pi−. The modes Ξ0b → Λ+c (pK−pi+)K−pi+pi−
and Ξ0b → D+(K−pi+pi+)pK−pi− have not been observed before, and are being studied in
separate analyses.
With a specific configuration of other excited Ξb states, it is possible to produce a
narrow peak in the Ξ0b pi
− mass spectrum that is not due to a Ξ ′−b resonance. This can
arise from the decay chain Ξ∗∗−b → Ξ ′0b pi−, Ξ ′0b → Ξ0b pi0, where the Ξ∗∗−b is the L = 1,
JP = 1
2
−
state analogous to the Ξc(2790). If both decays are close to threshold, the
particles produced will be kinematically correlated such that combining the Ξ0b daughter
with the pi− from the Ξ∗∗−b would produce a structure in the m(Ξ
0
b pi
−) spectrum. In general
such a structure would be broader than that seen in Fig. 2 and would be accompanied
by a similar peak in the wrong-sign Ξ0b pi
+ spectrum from the isospin-partner decay,
Ξ∗∗0b → Ξ ′−b pi+, Ξ ′−b → Ξ0b pi−. However, if a number of conditions are fulfilled, including
the Ξ∗∗−b and Ξ
′0
b states being 279.0 ± 0.5 and 135.8 ± 0.5 MeV/c2 heavier than the Ξ0b
ground state, respectively, it is possible to circumvent these constraints. This would also
require that the production rate of the L = 1 state be comparable to that of the L = 0,
JP = 3
2
+
state. Although this scenario is contrived, it cannot be excluded at present.
In conclusion, two structures are observed with high significance in the Ξ0b pi
− mass
spectrum with mass differences above threshold of δm = 3.653 ± 0.018 ± 0.006 MeV/c2
and 23.96± 0.12± 0.06 MeV/c2. These values are in general agreement with quark model
expectations for the JP = 1
2
+
Ξ ′−b and J
P = 3
2
+
Ξ∗−b states. Their natural widths are
measured to be Γ(Ξ ′−b ) < 0.08 MeV at 95% CL and Γ(Ξ
∗−
b ) = 1.65± 0.31± 0.10 MeV. The
observed angular distributions in the decays of these states are consistent with the spins
expected in the quark model, but other J values are not excluded. The relative production
rates are also measured.
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